Background Gaze training is an effective way of training basic laparoscopic skills, resulting in faster acquisition periods and more robust subsequent performance under pressure. The current study is a randomized control trial which examines whether the performance benefits of gaze training stand the test of time (delayed retention) and transfer to more complex skills. Methods Thirty-six medical students were trained to proficiency (50 trials) on a one-handed laparoscopic task (picking and dropping balls) in either a discovery learning (DL) or gaze training (GT) group. Both groups performed the one-handed task in baseline, retention and delayed retention (1 month) tests. They also performed baseline, retention and delayed retention tests of a two-handed task (grasping and cutting). Performance (completion time) and gaze control (target locking) were assessed throughout. Results For the one-handed task, the GT group displayed superior performance at retention (p \ .001), underpinned by more expert-like gaze control (p \ .05). The GT group also displayed superior performance in the one-handed task at delayed retention (p \ .005), underpinned by more expert-like gaze control strategies (p \ .001). Although the DL group's performance fell to 84 % of performance at retention, the GT group maintained performance at 100 % of retention. There were no differences between the groups for the two-handed task at retention (p = .140); however, at delayed retention, the GT group outperformed the DL group (p \ .005) and displayed more expert-like gaze control (p \ .001). Conclusions Novices trained to adopt an expert-like gaze control strategy were able to attain higher levels of performance more quickly than novices who learned by discovery alone. Furthermore, these skills were more durable over time and were transferable to more complex skills. Gaze training is a beneficial intervention to aid the acquisition of the basic motor skills required for laparoscopy.
When acquiring laparoscopic techniques, the novice surgeon must overcome environmental constraints on visuomotor control, such as loss of depth perception, poor tactile feedback, and the use of long instruments that amplify movement error and exhibit a fulcrum effect [1, 2] . Recent research has revealed differences in the gaze control strategies of experienced and novice laparoscopic surgeons [3, 4] . Novices, who are still developing the sensory-motor mapping rules for laparoscopy, use visual feedback to check on the effect of their movements, and so exhibit a gaze strategy that switches between tracking their tool movements and fixating the target to be manipulated (a switching strategy) [3, 5] . Experienced surgeons, who have developed the necessary sensory-motor mapping rules, primarily fixate the target without the need to check their tool locations (a target-locking strategy) [3, 4] . This more efficient gaze control strategy has been shown to underpin superior laparoscopic performance: Not only in cross sectional comparisons between experts and novices, but also in training studies. Novices taught to model expert-like gaze strategies acquired laparoscopic skills more quickly than counterparts taught to model expert-like tool movements or to learn by discovery (no instructions) [6, 7] .
If training programs are to have clinical utility, they must demonstrate that they transfer to the operating room, where stressors such as multitasking, evaluation threat and time pressure compete for limited attentional demands [8, 9] . The limited research to date that has examined the effectiveness of gaze training has shown that it provides benefits in terms of resilience to such stress, compared to more traditional approaches [6, 7] . It has been proposed that the focus on controlling only one component of the skill-accurate gaze-reduces the attentional demands for novices, allowing them to learn the skill more quickly and have resources available to deal with stressful scenarios [6, 7, [10] [11] [12] . However, two other important criteria for effective training are the degree to which learning remains stable beyond the training period (retention), and the degree to which the skills learned actually translate to more complex skills (transfer) [1, 13, 14] .
First, as performance is influenced by various temporary factors including feedback, motivation, boredom and fatigue, it is important to ensure that the performance changes assessed after training are relatively permanent [15, 16] . Research into the long-term effect of laparoscopic training has shown varying degrees of skill maintenance and deterioration between 1 week and 6 months after training, dependent on the complexity of the skill being performed [13, 17] . Delayed retention tests are designed to allow a certain time interval to elapse after training and are therefore more reliable in detecting permanent changes in skill acquisition [16] . Second, the utility of any basic technical skills training program is also dependent on the degree to which learning transfers to tasks representative of the OR. Transfer tests assess performance using a more complex or representative task than the practised one [14, 18] .
The aim of this study is to further establish the clinical utility of gaze training as a means to develop the basic technical skills required in laparoscopic surgery. Although previous research has established benefits in terms of expedited skill acquisition and robustness under pressure [6, 7] , the current study seeks to test if gaze training stands the test of time (via a delayed retention test) and transfers to a more complex task. We derived the following hypotheses in relation to the expected benefits of gaze training compared to an appropriate control.
Hypothesis 1
In the baseline condition, there will be no differences in performance between gaze-trained (GT) and discovery learning (DL; control) groups. Both groups will demonstrate novice-like performance and gaze control strategy (i.e., switching between tool and target).
Hypothesis 2
In line with previous research, the GT group will display superior performance and a more expertlike (target locking) gaze control strategy in both a retention and delayed retention test when compared to the DL group.
Hypothesis 3
The GT group will display superior performance and a more expert-like (target locking) gaze control strategy, in a two-handed transfer test when compared to the DL control group in both a retention and delayed retention test.
Methods

Participants
Thirty-six novice participants volunteered to take part in the study (18 men, 18 women; mean, 21.5 years; range, 18-40 years). Participants were medical students with no prior laparoscopic training, and were both left and righthand dominant (5 left, 31 right). Institutional ethical approval was obtained before initiation of the study, and written informed consent was provided by all participants before commencement of testing. Participants were assigned to one of two treatment groups as discussed below. Previous research has revealed significant differences in performance under pressure between gaze training and discovery learning interventions with group sizes of 10 (t(19) = 4.86, p \ .001, Cohen's d = 2.17) [6] . We are therefore confident that the larger group sizes in the current study have sufficient power to show significant effects across delayed retention and transfer tasks.
Apparatus and task
Testing was performed on a 3-Dmed standard minimally invasive training system with joystick SimScope (3-Dmed, Franklin, OH), based at the University of Exeter, UK (Fig. 1) . Participants were trained and tested on a ball pick and drop task from the 3-Dmed training tasks, which has been used in previous laparoscopy training research [2, 19] . To complete the task, participants were required to grasp six foam balls (approximately 5 mm diameter) positioned on stems, using a single instrument (with their dominant hand), and individually place them into a cup in a numbered sequence (Fig. 1) . To test transfer of motor skills, a two-handed grasping and cutting task was devised. To complete the task, participants individually grasped six polypropylene filaments (length 60 mm) within a 5 mm grasping area marked in red using a grasping tool held in their nondominant hand, and cut each filament within a 5 mm cutting area marked in blue with a cutting tool held in their dominant hand (Fig. 2) . Previous research has shown that similar two-handed grasping and clipping surgical tasks have been able to differentiate performance between novices and experts; have revealed appropriate construct validity and learning curve progression in novices; and emulate the technical precision required to clip and cut a cystic duct during a laparoscopic cholecystectomy [20, 21] . Participants were instructed to complete both tasks as quickly and as accurately as possible.
Participants were fitted with an Applied Science Laboratories Mobile Eye gaze registration system (ASL, Bedford, MA), which uses dark pupil tracking to calculate gaze metrics [3, 4] . The system consists of lightweight headgear that incorporates two cameras; one that records the participant's eye and the other the scene environment, and a trio of LEDs that project near-infrared (IR) light into the eye. The near-IR light is harmless and not visible to the wearer, though it is visible to the eye camera as a triangle of three dots reflected by the cornea. Visual gaze is computed using corneal reflection and the position of the center of the pupil, by comparing the vector between the pupil and cornea. Video streams from the two cameras are recorded at 30 Hz via a modified digital cassette recorder attached to a laptop installed with Eyevision (ASL) software [3, 4] .
Training groups
Participants were assigned to one of two training groups: gaze training (GT) and discovery learning (DL) adapted from previous gaze-training research [6, 7] . The GT group (n = 18) were shown a video of an expert's gaze control during completion of the ball pick and drop task. Participants were then explicitly advised to implement a targetlocking gaze control strategy, incorporating long and stable fixations on each target (ball or cup) with smooth shifts of gaze from one target to the next [6] . Additionally, the GT group performed the ball pick and drop task using surgery training template (STT) software, which overlays a template on top of the real-time video images received from the laparoscopic camera [7] . Target locations are preprogrammed on to the display, which are sequentially highlighted by making the rest of the screen darker (Fig. 3) . By only highlighting the next target (i.e., the next ball in the sequence or the cup) before the participant initiates each grasp and drop attempt, participants are passively guided to adopt a target-locking gaze control strategy [6, 7] .
The DL group (n = 18) did not use the STT template during task completion and were not directed to adopt a target locking strategy. The DL group were told to complete the task as quickly and accurately as possible, and had a normal, unrestricted view of the display monitor ( Fig. 1 ) during the learning phase [6, 7] . Previous research has revealed that discovery learning provides a more effective learning environment than focusing on controlling tool movements, so was considered to be the most appropriate control comparison [6] .
Procedure
Participants attended the laboratory individually, and were asked to read an information sheet indicating the study aims before providing written informed consent and completing a demographic questionnaire. The eye tracker was calibrated using a six-point chart on the display screen. All participants performed baseline (untrained) tests of both the ball pick and drop task and the two-handed grasping and cutting task under normal viewing conditions (i.e., without the STT). Participants were then randomly assigned to a treatment group, and received their specific instructions. During the learning phase, participants completed 50 trials of the ball pick and drop task only, resulting in 300 total ball pick-and-drop attempts. The acquisition period was divided into 10 blocks of five trials to provide sufficient rest periods between each block. Previous research has demonstrated 50 trials as the mean number required to attain proficiency levels on a task of similar difficulty [19] . The GT group completed the task with the highlighted viewing conditions provided by the STT software throughout the learning phase, while the DL group completed the task under normal viewing conditions. After the learning phase, participants performed retention tests of both ball pick and drop task and two-handed grasping and cutting task, under normal conditions (no instructions and no STT), in order to assess immediate learning. Participants returned to the laboratory 1 month after their original attendance (mean, 35.42 days; standard deviation, 10.19 days), having received no additional laparoscopic training or practice in the intervening period. The eye tracker was refitted and calibrated, and participants performed both the ball pick and drop, and the two-handed grasping and cutting task. One month was selected as a suitable delay period based on the findings of Stefanidis et al. [17] , as it should provide sufficient time for some posttraining skill deterioration to have transpired and performance stabilisation to have occurred. At the end of the study, participants were thanked for their participation and debriefed.
Measures
Performance
Performance was evaluated in terms of task completion time, which has been shown to be a valid index in similar laparoscopic tasks [2-4, 6, 7, 19] .
Gaze control
The eye tracker videos were manually analysed in a frameby-frame manner (1 frame = 33.33 ms) by two experimenters using Quiet Eye Solutions software (QE Solutions Inc., Calgary, Canada). The location of the relevant target was defined for each of the tasks as the trial unfolded: In the single hand learning task, the targets were the current ball in sequence and the cup; and in the two-handed transfer task, the targets were the red grasping area and blue cutting area of the filaments in sequence. Fixations were defined as gaze that remained on one of these locations (within 1°visual angle) for a minimum of 99.99 ms (C3 frames of video) [3, 4, 6, 7] . The duration of all fixations on the target location and tool location was calculated for each attempt, and a target-locking measure computed by subtracting the percentage of tool fixation time from the percentage of target fixation time [3, 4, 6, 7] . A full target-locking strategy will yield a positive score of over 50 %, while equal fixation durations on tool and target (a switching strategy) is reflected by a score closer to 0. A negative score reflects more time fixating the tools than the target.
Statistical analysis
Shapiro-Wilks tests revealed normal distribution of all data; therefore, parametric statistical analyses were adopted. For both the training and transfer task, main and interaction effects on performance (completion time) and gaze control measures were analysed with 2 (group; GT vs. DL) 9 3 (condition; baseline vs. retention vs. delayed retention) mixed-design ANOVAs. Greenhouse-Geisser corrections to the degrees of freedom were applied where the assumption of sphericity was violated. Uncorrected degrees of freedom are reported along with the corrected probability values and the epsilon value. Significant effects were followed up with simple t tests to examine within and between group differences. Partial eta squared (g p 2 ) and Cohen's d were used to calculate effect sizes for omnibus and simple comparisons, respectively.
Results
Ball pick and drop task
Performance: completion time ANOVA showed a significant main effect for condition, F (2,68) = 53.67, p \ .001, e = .60, g p 2 = .61, and a main effect for group that was approaching significance, F (1,34) = 2.91, p = .097, g p 2 = .08. There was no significant interaction effect, F (2,68) = 1.00, p = .337, e = .60, g p 2 = .03. Between-group follow-up t tests revealed no differences between groups at baseline, t (34) = 0.24, p = .815, d = .08. However, the GT group performed significantly faster at retention, t (34) = 4.38, p \ .001, d = 1.46, and delayed retention conditions, t (20.19) = 3.49, p \ .005, d = 1.16. Although the deterioration in completion time between retention and delayed retention conditions approached significance for the DL group, t (17) = -2.01, p = .06, d = .53, this was not the case for the GT group, t (17) = -.31, p = .76, d = .09 who maintained their level of performance. The completion time data are presented in Fig. 4A .
Gaze control
ANOVA showed a significant main effect for condition, F (2,60) = 56.73, p \ .001, g p 2 = .65, and group,
21. The interaction effect approached significance, F (2, 60) = 2.62, p = .081, g p 2 = .08. Between-group follow-up t tests revealed no differences between groups at baseline, t (32) = -0.66, p = .52, d = .22. However, the GT group revealed significantly higher target locking than the DL group at both retention, t (33) = -2.21, p \ .05, d = .75, and delayed retention, t (32) = -4.46, p \ .001, d = 1.53. Within-group follow-up tests revealed no deterioration in target-locking between retention and delayed retention conditions for either the DL, t (15) = 1.23, p = .239, d = .45, or GT group, t (16) = -0.09, p = .93, d = .02. The gaze control data are presented in Fig. 4B .
Due to an eye tracker malfunction, gaze data could not be coded for some of the participants. For the one-handed ball pick and drop task, data for two participants from each group could not be coded. For the two-handed grasping and cutting task, data for two participants from the discovery learning group and three participants from the gaze trained group could not be coded. There was a significant deterioration in completion time between retention and delayed retention conditions for the DL group, t (17) = -3.90, p \ .001, d = .92, but not the GT group, t (17) = 0.00, p = .50, d = .00. The completion time data are presented in Fig. 5A .
ANOVA showed a significant main effect for condition F (2,58) = 13.57, p \ .001, g p 2 = .32, group, F (1,29) = 22.30, p \ .001, e = .83, g p 2 = .44, and a significant interaction effect, F (2,58) = 11.07, p \ .001, e = .83, g p 2 = .28. Between-group follow-up t tests revealed no differences between groups at baseline, t (31) = -0.33, p = .75, d = .11. However, the GT group had significantly higher target-locking scores at retention, t (33) = -3.85, p \ .001, d = 1.30, and delayed retention conditions, t (31) = -6.51, p \ .001, d = 1.88. Within-group followup t tests revealed a significant improvement in targetlocking between baseline and retention for the GT group, t (16) = -8.31, p \ .001, d = 1.49, but not the DL group, t (15) = -0.94, p = .18, d = .22. There was no deterioration in target-locking between retention and delayed retention conditions for the DL group, t (16) = 0.89, p = .19, d = .33, or the GT group, t (14) = -1.24, p = .12, d = .28. The gaze control data are presented in Fig. 5B .
Discussion
Gaze training has recently begun to establish its efficacy in accelerating laparoscopic technical skill acquisition during the early learning curve phase [6, 7] . The purpose of this study was to explore the utility of a gaze-focused intervention on the learning of new psychomotor skills via simulation. Furthering previous research investigating the effects of gaze training on novices' performance [6, 7] this study assessed their ability to learn via tests of transferability, and delayed retention. Importantly, the findings from the baseline condition imply that consequent differences between groups in the postacquisition testing phase can be attributed to the training protocols administered. In support of hypothesis 1, both groups displayed similar, slow completion times and switching gaze control strategies in the baseline condition. Specifically, completion times were approximately 80 and 250 s for the pick and drop task (Fig. 4A) and the grasp and cut task (Fig. 5A) , respectively. Target locking percentages were approximately 0 and 18 % for the pick and drop task (Fig. 4B) and the grasp and cut task (Fig. 5B) , respectively.
One-handed pick and drop (training) task Hypothesis 2 predicted that the GT group would exhibit superior performance over the DL group in the pick and drop task, in both the retention and delayed retention conditions, with expert-like gaze control underpinning the Fig. 5 A Mean (±standard error) completion time (during the twohanded grasping and cutting task, for gaze training and discovery learning groups in the baseline, retention and delayed retention tests. B Mean (±standard error) target locking fixation score during the two-handed grasping and cutting task, for gaze training and discovery learning groups in the baseline, retention and delayed retention tests performance advantage. The results support the hypothesis; in the retention condition the GT group performed 9 s faster (28 %) on average (Fig. 4A) and displayed a 33 % higher target-locking score (Fig. 4B) than the DL group. The findings therefore support previous literature promoting the importance of expert gaze control strategy in the acquisition of basic laparoscopic skills [6, 7] . Interestingly, the DL group increased their target-locking score by 56 % (compared with 72 % in the GT group) from baseline, which shows that learning through experience alone results in the development of more expert-like gaze control [22] . However, by explicitly training novices to model the gaze control of experienced surgeons, this process can be expedited [7] .
In the delayed retention condition, the GT group performed 16 s faster (49 %) on average than the DL group after a 1-month break (Fig. 4A) , with a superior targetlocking score underpinning their performance advantage (72 vs. 35 %; Fig. 4B ). This target locking score displayed by the GT group is closer to that of experienced laparoscopic surgeons, and suggests that these trainees are further along the learning curve [3, 4] . Furthermore, the GT group maintained stable performance and gaze control between the retention and delayed retention conditions, whereas the DL group's performance significantly deteriorated after 1 month of no practice (Fig. 4A) . Previous research has demonstrated varying levels of laparoscopic skill maintenance (75-90 %); depending on task complexity, training duration, and delay period [17, 23] . In the current study, the GT group's performance at delayed retention was maintained at 100 % of retention levels, whereas the DL group's performance dropped to 84 % of retention levels. Two-handed grasp and cut (transfer) task Hypothesis 3 predicted that the GT group would exhibit superior performance and gaze control on a two-handed transfer test than the DL group, despite both groups exclusively learning on a simpler one-handed task. Generalisation of skills is a vital component of training during the early learning curve phase if video box trainers are to be beneficial for laparoscopic training curricula [14, 20, 21, 24, 25] . Both the GT and DL groups improved their completion time in the transfer task from baseline to retention by 46 and 38 %, respectively (Fig. 5A ), although the difference between the groups at retention approached significance (p = 0.07). The gaze control results show that the GT group was able to significantly increase targetlocking by 44 %, compared with the DL group who made no significant increase in target-locking (Fig. 5B) . Unlike with the one-handed trained task, target locking did not increase in a concomitant fashion with performance for the DL group in the transfer task. This effect is likely because the task itself was not trained, but generic visuomotor control skills important for working in the laparoscopic environment were improved.
At 1 months delayed retention, the GT group displayed significantly better performance and gaze control in the transfer task than their DL group counterparts. They performed approximately 69 s faster on average (Fig. 5A) underpinned by a 52 % higher target-locking score (Fig. 5B) . The GT group's performance at delayed retention was maintained at 100 % of retention levels, whereas the DL group's performance decreased by 33 % of retention levels. This finding suggests that delayed transfer (more so than delayed replication of a trained skill) is especially disrupted for trainees left to learn by discovery; even if the time period is only 1 month. However, the performance of the GT group in either the trained or transfer task, was unaffected by this delay.
Why is gaze training superior?
Previous research investigating the efficacy of gaze training for novices acquiring basic psychomotor skills in laparoscopic surgery [6, 7] and sport [10] [11] [12] , has revealed a performance advantage for gaze training that is revealed in both how quickly the skill is acquired and in how resilient the skill is to the demands of various stressors (e.g., multitasking, time pressure, evaluation threat). The current study extends this advantage to the transfer of the skill to novel, more complex tasks and the durability/robustness of the skill over time. However, the big question is how does such training achieve these impressive results that are important for skill acquisition in domains where basic skills need to be learned quickly; performed under pressure; translated to more complex tasks-and often at a date that is distant from when the skill was trained? The explanation for this advantage is multifaceted and can be explained in terms of theories of visuomotor control and skill acquisition.
First, by modelling the strategic gaze control and hence visuomotor control strategies of experts, novices are able to cheat the learning process; where such a strategy is typically developed over time through trial and error and continual practice [22] . Proficiency in a motor task is reached when effective gaze control provides the required target-related information at the right time to be used by the central nervous system to control movement [26] . By adopting this strategy earlier in learning, gaze trained novices are able to make use of more optimal and efficient visuomotor strategies. The results of the current study suggest that the gaze control strategy of target locking is transferable from one skill to other similar skills. Second, it appears that a strategy of modelling gaze is more effective than modelling other important components of the task (e.g., limb movements) because it reduces the attentional demands of the control process. Controlling a single facet of the skill (gaze position) is much less attentionally demanding than trying to control the multiple degrees of freedom inherent in the relevant effectors (e.g., multiple joints, coactivating muscles). The fact that gaze trained surgical novices are able to multitask more effectively than novices trained to focus on their hand movement, or learn via discovery, supports such an attentional capacity explanation [6] .
Conclusions
To conclude, the current study revealed that novice surgeons trained to implement an expert-like gaze control strategy were able to transfer laparoscopic psychomotor skills over to a more complex and realistic task, thus climbing the learning curve to laparoscopic proficiency in less time than novices who learn by discovery alone. The findings suggest that gaze-trained novices have additional spare attentional resources allowing them to perform better at a complex task and maintain this performance even after a period of no practice. Bench model video box trainers can facilitate the learning of optimal gaze control and subsequent technical proficiency, when supported with relevant (target locking) instructions and passive guidance via integrated software. The clinical utility of these devices and techniques should permit their inclusion within formal surgical training curricula, and could potentially be useful in reducing the time and cost of surgical training.
